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ABSTRACT

A rigid lightweight sandwich support structure, for the combustor chamber of a new
generation liquid propellant rocket engine, was designed and fabricated using PMC facesheet
on a Ti honeycomb or Carbon foam core. The facesheet consisted o high stiffness carben
fiber, M40JB, and high temperature Polyimides, such as PMR-11-50 and HFPE-1l. Six
different fiber architectures; 4HS woven fabric, uni-fabric, woven-uni hybrid, stitched woven
fabric, stitched uni-fabric and tri-axial braided structures have beem investigated for
optimum stiffness-thickness-weight-performance design criteria for the hygrothermal-
mechanical propulsion service exposure conditions including rapid heating up to 200°F/sec,
maximum operating temperature of 600°F, internal pressure up to 100psi.

An extensive property and performance database including dry-wet mechanical
properties at both 25°F and 600°F in various loading modes, thermal and physical properties
including blistering onset condition was developed for fiber architecture down-selection and
design guidelines. Various optimized precess metheds including vacuum bag compression
molding, solvent assistant RTM (SaRTM), resin film infusion (RFI) were utilized for PMC
panel fabrication depending on the architecture type. In the case of stitched weoven fabric
architecture, the optimal stitch pattern was chesen in terms of stitch density and yarn size,
based on both in-plane mechanical properties and blistering performance. Potential reduction
of the in-plane properties transverse to the line of stitching was also evaluated. Attempt to
correlate the experimental results with theoretical micro-mechanics predictions will be
presented.
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HOTPC PROGRAM SYNOPSIS

Ohinition

==t

Evaluate and develop carbon fiber reinforced high temperature polymer matrix
composite (PMC) materials and fabrication technology suitable for manifolds,
thrust chamber backup supports & attachments or turbo-pump housings in a
new generation rocket engine.

s

-l Significant weight reduction by replacing metal/ceramic components with PMC
-1 Increased thrust-to-weight ratio, reduced fuel consumption, thus cost saving

1 Utilization of current enabling technologies in materials, design, process and
fabrication areas, i.e., high feasibility!

viable flight propulsion system. By component weight reductions up to 25-30%,

-1 Required high stiffness (less than 0.05” deflection in a 12”x12” panel) and high
temperature capabilities up to 600°F,

1 Required good hygro-thermal stability especially under rapid heat-up exposure up
to 200°F/sec
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FIBER ARCHITECTURE. PROCESSING
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FIBER ARCHITECTURE' PROCESSING
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FIBER ARCHITECTURE: PROCESSING

: | HEPE-IL52 resin
+ Stitched Uni-Fabric Compesite Panels
Stitehed Fabric Autoclave t-T-P Cure Profile for HFPE-II-52 IC
800 350 =SCan
Preforms = I I
u =Q==Temperature
700 e S =f=Vacuum - 300 2
; Laying-up/Bagging ; § —sPressure & g : L Drying
| 800 - i ‘\\'\‘ 250§
! l i : t | |Post Cure Cyele
° 500 200°
e ; = , A Z| | >RT to 450°F in 1h,
Resin Film Infusion £ 400 o &I \‘ 1sn§ hold for 1 hr;
| cycled through 200- £ g X £
- | 350°F with pressure || & *] ] 103 | | >450 to 700°F in 6h,
j 4 00 12 : » = | [hold for 16 h;
| i = = -~
| | Yaceum Baadle 3 ‘ 1 .| |>Cool to RT in Oven
(for 4 hrs)
0 -50

| 0 120 240 360 480 600 720 C_scan
‘} / Time, min
1 = ‘ ~
| ‘@A E.Eugene Shin, John C.Thesken, James K Sutter et. al., Hich Tempie 23, Feb18-13, 03 11

FIBER ARCHITECTURE: PROCESSING
Endcap Dimethyl Ester Diamine Repeat
Unit(n)
Molar Ratio 2 n n+1
O_(;c fe] o em o Ooc -
| e e
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Ref: I Kothy C. Chuang, Joseph E. Waters, Int'l SAMPE Symposium, 40, 1113 (1995)
2. Kathy C. Chuang, Demetrio S. Papadopulous, Cory P. Arendt, Int'l SAMPE Symposium, 47, 1175 (2002)
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FIBER ARCHITECTURE: TEST PANELS

Tri-axiul Braided Composite panels: 7.5"%15"

STITCHING OPTIMIZATION: VARIATION

O Stitching --- Excellent blistering stopper, but at the
expense of the in-plane mechanical properties?

[ Stitching Options with 4HS Woven Fabnc
+»Stitch density; 4 : 6 : 8 stitches per inch
# Stitch-line spacing; 0.12" : 0.17” : 0.25"

+% Stitching yarn size (S2 glass); thin (150 1/0) : tthk (150 1/2)

1 Properties Evaluated
<Tension, Compression, and Flexure
< Void content FVE T 1T, LOIE
wHygrothermal Bhstenng Test

> Fully saturated ‘
» 20 & 50 °C/min heating
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 STITCHING OPTIMIZATION: TEST MATRIX

| 15"x15"x0.1" 4HS M40JB/PMR-11-50 Trial Panel w/ four stitching pattemn combinations
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STITCHING OPTIMIZATION: TEST RESULTS

Stitch Pattern FVF, %

Low Density
Thin Yarn; 53 0.4
4 stitches/in; 0.25" spacing

Medium Density 1
Thin Yarn; 57205
6 stitches/in; 0.17" spacing
Medium Density 2
| Thick Yarn; 60 04
‘ 6 stitches/in; 0.17" spacing
High Density
i Thin Yamn; 50 1.1
i 8 stitchesfin; 0.12" spacing
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‘ ”@AI E.Eugene Shin, John C.Thesken, James K.Sutter et. al., High Temple 23, Feb10-13, 63 16




STITCHING OPTIMIZATION: TEST RESULTS
20 ‘ Tonsi 18 : C -
AlLow density @ Medium density| ﬁe
1 | @ Medium density —-!e——nswn 4 | ®High density 9 reSSton
18 i1 Medium, Thick Alow density
#High density 16 4 1 Medium, Thick L—— - -
4 Un-stitched + Un-stitched O largrr bending strain
1% = ~0.3Msl 5
» oW I 2% drop) | | _ ~0.4Misi
[
%’14 1 +...;""+"' = (3%dr°P)I i lq| L kot
5 * AS + I g 5 ry LI }
= E ®
812 3 =
s ! = A,
~25Ksi {23% drop) 10
10
~17Ksli {30% drop)
8
8
5 A—————————————— 6 — v —
50 75 100 125 150 0 25 50 75
Strength, Ksi Strength, Ksi
Note: 1. Stitched panels by SaRTM @ 300psi vs. Un-stitched by Hot-press @ S00psi
P 2. Stitched samples tested @ 0.Sin/min vs. Un-stitched @ 0.05in/min
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 STITCHING OPTIMIZATION: TEST RESULTS

Blistering Resistance

18 Unstitched - Blistering Onset
=i 50/5@min: 262“C
Y = - =25C/min: 265°C | | o
- - - - 10°C/min: 265°C || : = :
51 — — Scminsrc || stitch Void Moisture |Blister Onset, °C
2°C/min: No blister e 7 : 24 ’ -
g; T Sl Density Cont. % |Uptake, % Rate 1* |Rate 2**
| : :
g, Un-stitched | 2304 | 147 | 262

Medium 2; |,
thick yarn

High 36+05| 1.63 None | NI/A

* Heating Rate 1: 50°C/min to 250°C = 5°C/min to 400°C
** Heating Rate 2: 50°C/min to 400°C
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STITCHING OPTIMIZATION: TEST RESULTS
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STITCHING: TRANSVERSE PROPERTIES_

+ M40JB Uni-fabric [0/90],/HFPE-II-52 Composite Panel w/ Boemg Stltchmg
(40 penetration/in?; 5 stitches/in — 1/8 spacmg by Lock-stitch w/ ﬁber glass yarn)

Typical Cross-Section izairmal fo Stztch l)irectibn

Transverse Direction : % =11 Tl:rck, ,

. : ; 4.0+0.5% Voi Content,
Stitch Lines 5334,5% FV.E

P i, o

S
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STITCHING: TRANSVERSE PROPERTIES

Stitch-direction vs. Transverse Tension (Tested @ 600°F)

Stitch- 14 ]
direction | ~41Ksi (13% drop) .
i* ~17Ksi (19% drop)
i2 = ~
G o l
= o ® i S
sS10 s ¢ o o
3 i =
]
= ~0.6Msi
= 8 (7% drop) |
=
T I2 & Transverse: Panel E106, 58%FVF
Fansvelos 6 1| m@Stitch-Direction: Panel E107, 54%FVF
[iStitch-Direction: Panel E107 adjusted to 58% FVF
1
4 — - J [
40 50 80 70 80 90 100

Tensile Strength, Ksi

Pl o

¢ \
: ‘@AI E.Eugene Shin, John C.Thesken, James K.Sutter et. al., High Temple 23, Feb10-13. 03 21

SUMMARY & CONCLUSIONS

| Studied six representative fiber architectures, optimized
design and process, completed test panel fabrication and
test specimen preparation
% Testing underway...
_I Selected the medium density w/ thin yarn as the optimum
stitching pattern based on mechanical properties and
blistering performance,

! Resulted in-plane property degradation of stitched panel;
2~3% in modulus but 20~30% in strength in both tension
and compression,

_! Transverse property degradation in stitched panel; 15~20%
tensile strength drop due to:

* array formation of the stitch-induced damage normal to transverse
direction?

i
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CONTINUING WORK PLANS

IComplete all composite evaluation tests...

. Micro-mechanics analysis...
—Best material-design-process selection and
optimization

_IDevelop overall material-property
database

1 New results to be presented at ICCM-14,
July 14-18, 03, San Diego, CA.
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HTPMC for Access to Space Component Development
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i
Matrix Resin GRC; Maverick Prepreg Preparation GRC; YLA;
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- Nanoparticle Filled
|

= = 7 Composite Fabrication GRC;BHB
Fiber T . S oy Slamarex - Hot press vs. Autoclave Canyon; Fil;
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; - ! Performance

Constituents Property  ge Exposure Conditions  poupy gre | In-Service Realtime Tests SRf

« Neat Resin: - Trax (600°F) - At-Temperature Tests as a fn of dT/dt, T, tiwen

« Fiber: ~ Adherent - Heating/Cooling Rats {~200°F/s} in Tension, Compression, & Shear

= Sizing vs. Surface Treatment - RH%: - O, Oaand other gas - Property Retention Tests GRC; R

I - Pressure induced o - Iso-Hygrothermal Exposures as a fn of T & RH%
5 GRE: 1 -Th | Cycling as a fn of dT/dt, RH%, # of cycles

Composite Property e Potential Degradation - TMF as a fn of s, T and dT/dt
- Physical: FVF, Void Vol,, . = » Hygrothermal induced Blistering GRE,

Density, Moist Diffusivity, . '=: |- Residual Solvent or Thermal s &5 unf):

C-scan NDE 7 penver | Decomposition Induced Blistering S/ Bi;
- Thermal: Ty, Tg. T, 6, -~y « Hydrolytic Chemical Degradation 1/ Danvar: ILS-UDR}
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Comp, Shear, and Fatigue; induced Cracking/Failure GASL;
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FIBER ARCHITECTURE: OBJECTIVES

1 Evaluate PMC materials and generate
database as a function of fiber
reinforcement architecture for
temperature-moisture-stress-high heating
rate Aeropropulsion applications

1 Optimize design and fabrication processes




" FIBER ARCHITECTURE: WORK PLAN

Architecture Availability vs End-Use Requirements

¥

Optimum Architecture Design - Process

Property-Performance Evaluation

¥

Failure
Mechanisms

R = ]

Component Fabrication Compatibility

'

Material-Design-Process Selection & Optimization

Micro-mechanics
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- FIBER ARCHITECTURE: TEST MATRIX

T COMPOSITE PANEL TYPE (PMR-1-50/M40JB): FIBER ARCHITECTURE
4HS WOVEN UNI-TAPE UNI-WOVEN  [TRIAXIAL STITCHED
PROPERTIES _|[CONDITIONS __|FABRIC CROSS-PLY HYBRID BRAID UNITAPE  [4HS WOVEN
: Dry RT
‘Compression = = 8-ply fabric +
G Dry T, ., (600°F) 12-ply fabric; 24-ply uni; 8-ply uni: =
Wet 7., (600°F) [6,80,90,0,80,0,0, ~108 g/m° FAW per layer
ST ] %90 9%0u0090ks fogg So ne oy, | [[9+90.0.96,0,0.91 e
)pen H ~ |PmR . 9 “Sher
CompiNorthrop o[-0 TH 6.1 TH ?-o :‘.]',;H W,
(3 repeats) . : =
| Lo = = 4-; [0,80],;, 0.02" |- 8/8 fabriciuni;
| [Tension — -i‘t'gogau.ns ‘;r;;. = 8- [0,90,80,01,, |= 2/4 fabriciuni;
(3 repeats) Dry V... (S00°F) | ’ 2‘ st 8 ~0.035" TH [0,80,81;5; . - 2
Wet T, (600°F) By - 24-ply uni ~0.035"TH | Equivalent = 24-ply uni; -
—RT to 12-ply [0,98%; = 12-ply fabric;
| |BS e fabric, . 10,99,.96,,8,0,58,s
| |6 repeats) . HFPE-II-52 |By SaRTM
| B By SaRTM |resin By RFI [~0.11" TH
In-plane Shear ~0.1"TH  |~0.11"TH
Dy Ty (00F) 1. 12-piy fabric + 24-ply uni :';Sﬁ:b"" i
Wet T,.., (600°F)
TS
Ki o ~6-; [0,90,01,,, 0.052°TH
[ = 8-; [0,,90,58,0.;s, 0.065"TH
" |2, 4,6,8, & 12-ply |+ 818 fabriciuni
fabric S Sand el ull| R e

(Fully Saturated) [12"%12" panel
Hygrothermal Rapid heat-up Cycle |Selected Architecture Systems Only
wi 12"x12" panel), 1 - 200 cycles
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